ABSTRACT Modern molecular technology, and particularly high-throughput sequencing (HTS), has revolutionized virus discovery and expanded the depth and breadth of the virome. Recent HTS was used to identify and discover a previously undescribed member of the family Flaviviridae that has genomic features characteristic of both hepaciviruses and pegiviruses. This virus, designated human hepegivirus-1 (HHpgV-1), may represent a previously undescribed new genus in the Flaviviridae family with implications for public health and blood supply safety. Detecting uncharacterized viruses such as HHpgV-1 in clinical samples requires an unbiased screening method that is as sensitive as PCR, while simultaneously detecting multiple rare viral sequences. The virome-capture-sequencing platform for vertebrate viruses (VirCapSeq-VERT) uses positive-selection oligonucleotide capture to sensitively detect sequences from every known vertebrate virus, even in high-background specimens with low-abundance viruses. VirCapSeq-VERT can also detect uncharacterized viruses with sequence homology to known viruses, enabling a new paradigm for virus detection.
M
odern molecular biology has accelerated the pace of virus discovery, allowing pathogen identification based on genome characterization to proceed much more rapidly than traditional virologic, microscopic, or serologic methods. In particular, high-throughput sequencing (HTS) has revolutionized the unbiased discovery of novel viruses, often in unexpected places that are highly relevant to human health. This is exemplified by a recent article by Kapoor and colleagues from W. Ian Lipkin's research laboratory (1) , in which a novel human virus was found in serum samples from blood transfusion recipients and hemophilia patients treated with plasma-derived clotting factors. Further analysis indicated that this virus combines features of hepaciviruses and pegiviruses, two distinct genera within the family Flaviviridae. This virus, named human hepegivirus-1 (HHpgV-1), may represent a new genus within the Flaviviridae and a potential human pathogen.
Previous work from the Lipkin laboratory has enhanced our understanding of hepacivirus and pegivirus diversity in the wild. Hepatitis C virus (HCV) was long thought to be the sole member of the genus Hepacivirus, until the discovery of a novel canine hepacivirus (2) suggested that there may be greater hepacivirus diversity in nonhuman mammalian species. Since then, numerous hepaciviruses have been characterized in horses, bats, rodents, and nonhuman primates (3) (4) (5) (6) (7) . A similar host range diversity has been observed for pegiviruses (8) . As HTS-based methods increase for viromics study applications, we also expect to discover additional novel members of Flaviviridae and develop a more comprehensive understanding of flavivirus biology.
The HHpgV-1 sequence shows that it has a type IV internal ribosome entry site (IRES) in its 5= untranslated region (UTR) with considerable structural homology to that found in HCV. This suggests that like hepaciviruses, translation of the viral polyprotein occurs via a common internal initiation mechanism. HHpgV-1 also contained a distinguishing sequence in the pseudoknot domain that is highly conserved across the genus Hepacivirus. However, analysis of two relatively conserved nonstructural genes, the viral helicase (NS3) and RNA-dependent RNA polymerase (NS5B), demonstrated that HHpgV-1 is phylogenetically grouped as a distinct branch within the pegivirus clade. Thus, HHpgV-1 shares characteristics of both genera, suggesting either a common ancestor or recombination between two prototypic viruses. This raises the possibility that HHpgV-1 may cause chronic infections like other hepaciviruses and pegiviruses. It is currently unknown whether HHpgV-1 has the potential to cause a pathogenic infection, like HCV, or merely a silent, nonpathogenic infection similar to human pegivirus (HpgV), which persists for years without causing disease in healthy people.
HHpgV-1 may have substantial implications for public health, as Kapoor and colleagues detected the virus in posttransfusion samples, strongly suggesting transmission via transfused blood products. The blood-borne HCV was spread extensively by contaminated blood products prior to identification of the virus as the etiologic agent of the then-called non-A, non-B hepatitis and the subsequent development of tests to ensure the safety of the blood supply. Indeed, the observation that HHpgV-1 persisted in both hemophilia patients-in one case for more than 5 years-demonstrates that this virus can establish chronic infections. While the consequences for human health are unknown, a more detailed assessment of HHpgV-1 prevalence in the population will start to yield answers. For this purpose, a precise, highly sensitive means of screening clinical specimens is essential. Ideally, this would require an unbiased method for detecting multiple HHpgV-1 variants, in addition to other related persistent viruses, with a sensitivity equal to or greater than the sensitivity of quantitative PCR.
A decade ago, microarray-based technologies showed great promise for allowing the simultaneous detection of multiple viruses (9, 10); however, low sensitivity has hindered these technologies from becoming standard for clinical diagnostics. While HTS can be used to perform unbiased pathogen detection and discovery, this technology is still insufficiently sensitive for patient samples, in which viral sequences may be very rare (Fig. 1) . Efforts to enrich pathogen sequences by depleting host nucleic acids has not sufficiently improved sensitivity to warrant using HTS as a standard diagnostic assay. Furthermore, the high cost and practical complexity of obtaining and analyzing data have delayed the implementation of HTS in clinical diagnostics, compared to relatively simpler, less-expensive virus-specific PCR-based methods. While PCR-based methods are highly sensitive, they cannot identify unknown pathogens and have been used only to confirm diagnosis of a suspected pathogen. Another recent article from the Lipkin laboratory by Briese et al. (11) The VirCapSeq-VERT method dramatically enhances HTSbased virus detection by positively selecting, or capturing, viral sequences using a library of oligonucleotide probes estimated to cover 88 to 98% of target sequences. This library was designed by extracting coding sequences from all nonbacteriophage viruses from the EMBL Coding Domain Sequence database and crossreferencing these with the Master Species List of the International Committee on the Taxonomy of Viruses. Probe sequences were optimized to account for variant sequences and assay chemistry, resulting in a library of nearly 2 million 50-mer to 100-mer nucleotide probes. This library can effectively detect any virus reported to infect vertebrate animals.
Compared experimentally with conventional HTS methods, the VirCapSeq-VERT system showed 100-to 1,000-fold-greater on-target viral reads in lung and whole-blood samples spiked with various quantities of mixed viral nucleic acids, as well as substantial reductions in background host reads. Coverage was drastically improved, with nearly complete genome sequences detected for all viruses. Compared with conventional methods for virus sequence enrichment such as nuclease digestion and rRNA depletion, the VirCapSeq-VERT platform was clearly superior, demonstrating 10,000-fold relative increases in mapped read counts for multiple, diverse RNA and DNA viruses across multiple sample types.
Importantly, the VirCapSeq-VERT method showed high sensitivity in clinical samples (such as nasal swabs and fecal specimens) that may contain viral sequences in very low abundance relative to background host sequences. VirCapSeq-VERT recovered partial sequences even from samples with extremely low copy numbers of input virus, indicating that this method is suitable for detecting virus even from the most limited clinical samples. Furthermore, the assay can be readily multiplexed, and it efficiently detects multiple viruses from the same specimen. The exciting implication of this breakthrough method is that HTS technology may now be applied to clinical diagnostics.
Although the VirCapSeq-VERT method is not completely unbiased, as the oligonucleotide probes were generated based on known viral sequences deposited in the EMBL or NCBI database, Briese and colleagues have shown that this system may be useful for detecting novel or poorly characterized viruses. A novel rodent hepacivirus isolate with less than 65% nucleotide sequence identity from the VirCapSeq-VERT probes was enriched in conserved NS3 helicase and NS5B polymerase genes, and similar enrichment of conserved regions was observed for uncharacterized rotaviruses in bat fecal specimens. Thus, VirCapSeq-VERT may also have some utility for virus discovery by identifying novel viruses through enrichment of conserved sequences.
The VirCapSeq-VERT platform represents the first example of HTS technology with true clinical applicability, capable of achieving a sensitivity equal to that of PCR without the limitations imposed by primer-dependent amplification. Not only does this represent a turning point for clinical diagnostics, in which multiple viruses can be detected even from very spare samples despite high host background, but it can also be used to more accurately characterize the true burden of many viruses in the human population. For example, VirCapSeq-VERT can be applied to determine the prevalence of HHpgV-1 in the blood supply, possibly uncovering disease associations. The VirCapSeq-VERT platform heralds a new era of virus detection, in which any sample can be tested for every known virus simultaneously.
